Mitochondrial membrane permeabilization (MMP) is considered as the "point-of-no-return" in numerous models of programmed cell death. Indeed, mitochondria determine the intrinsic pathway of apoptosis, and play a major role in the extrinsic route as well. MMP affects the inner and outer mitochondrial membranes (IM and OM, respectively) to a variable degree. OM permeabilization culminates in the release of proteins that normally are confined in the mitochondrial intermembrane space (IMS), including caspase activators (e.g. cytochrome c) and caspase-independent death effectors (e.g. apoptosis-inducing factor). Partial IM permeabilization disrupts mitochondrial ion and volume homeostasis and dissipates the mitochondrial transmembrane potential ( m ). The assessment of early mitochondrial alterations allows for the identification of cells that are committed to die but have not displayed yet the apoptotic phenotype. Several
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Intrinsic and extrinsic apoptosis pathways
Apoptosis is a finely regulated, genetically encoded program by which vertebrates eliminate superfluous, ectopic, mutated or damaged cells. It plays a prominent role during normal embryonic and post-embryonic development, but also in numerous pathological and therapeutic settings [1, 2] . Apoptosis is characterized by phenotypic changes involving the nucleus (pyknosis, i.e. chromatin condensation, and karyorhexis, i.e. nuclear fragmentation), the plasma membrane (phosphatidylserine exposure) and, more generally, the entire cell that progressively shrinks and eventually breaks into several "apoptotic bodies" [3, 4] . Apoptosis may be separated into at least three distinct phases: initiation, integration/decision and execution/degradation. The initiation phase strictly depends on the nature of the lethal signal, which may arise from either the extracellular (extrinsic pathway) or the intracellular (intrinsic) microenvironment. The integration/decision phase implicates numerous pro-and anti-apoptotic molecules, which oppose each other on the battlefield where the cell's fate is decided and the "point-of-no-return" may be trespassed. The final execution phase involves an ensemble of degradative, post-mortem phenomena, which altogether lead to the phenotypic manifestations of apoptosis. Generally, the morphological and biochemical changes that characterize late-stage apoptosis are independent of the initial stimulus [5, 6] .
A plethora of different signals can lead to apoptosis, through the activation of distinct but sometimes overlapping molecular pathways. The major and best characterized pathways leading to apoptotic cell death are the extrinsic and intrinsic ones. In the intrinsic pathway, mitochondria play a decisive role. Death-promoting stimuli originating from other subcellular compartments (e.g. the nucleus, lysosomes, the endoplasmic reticulum, or the cytosol) converge on mitochondria where they favor mitochondrial membrane permeabilization (MMP) [7] [8] [9] . Upon permeabilization of the mitochondrial outer membrane (OM), intermembrane space (IMS) proteins, that include caspase activators such as cytochrome c (Cyt c) [10] , Omi/HtrA2 (Omi stress-regulated endoprotease/High temperature requirement protein A 2) [11, 12] and Smac/DIABLO (second mitochondria-derived activator of caspase/direct IAP binding protein with a low pI) [13, 14] , as well as caspase-independent death effectors like apoptosis-inducing factor (AIF) [15, 16] and endonuclease G (EndoG) [17] , are released into the cytosol. Cyt c promotes the activation of the initiator caspase-9 in a direct fashion via the assembly of the apoptosome (together with the apoptosis protease activating factor-1, i.e. APAF-1, and ATP/dATP) [18] , while Omi/HtrA2 [11, 12] and Smac/Diablo [13, 14] favor the caspase cascade indirectly, by antagonizing the activity of endogenous inhibitors of caspases, i.e. the inhibitor of apoptosis proteins (IAPs). AIF and EndoG translocate to the nucleus where they mediate chromatin condensation and large-scale DNA fragmentation, independently from caspases [16, 17, 19, 20] .
In the extrinsic pathway, the lethal signal comes from the extracellular microenvironment and is transduced within cells either by the ligand-induced activation of death receptors or by the activation of the so-called "dependency receptors," promoted by the absence of their ligands. The death receptors family includes the tumor necrosis factor-α (TNF-α) receptor -1 and CD95/Fas (the receptor of CD95L/FasL) [21, 22] . The netrin-1 receptors DCC and UNC5H-1, -2 and -3, on the other hand, represent prototypic dependency receptors [23] . Activated death receptors induce the assembly of the death-inducing signaling complex (DISC), a molecular platform that promotes the dimerization and activation of initiator caspases-8 and -10 [24] . Similarly, the dependency receptors are probably connected to a rapid activation of the caspase cascade [23] .
The extrinsic and intrinsic pathways converge on the common degradation phase mediated by executioner caspases-3, -6 and -7 [25] , but are interconnected also upstream, at the integration/decision phase, at least in some models of apoptosis. Indeed, caspase-8 induces the proteolytic maturation of the BH3-only protein Bid, which, in its truncated form (tBid) translocates to mitochondria and favors MMP [21, 26, 27] . tBid acts at mitochondria through the cardiolipin-facilitated interaction with other pro-apoptotic members of the Bcl-2 family (e.g. Bax, Bak) [28] , by destabilizing mitochondrial membranes through the insertion of selected lysolipids [29] or by promoting the propagation of Ca 2+ signals to the mitochondria [30] .
Mitochondrial membrane permeabilization
Mitochondrial membrane permeabilization (MMP) represents a unifying feature of several models of cell death, and is commonly considered as the "point-of-no-return" in the sequence of events leading to apoptosis [7, 31, 32] . MMP occurs via multiple and complex mechanisms, which may involve only the OM or engage also the inner mitochondrial membrane (IM). With this regard, it has been a matter of debate whether IM actively contributes to MMP or whether IM alterations associated with apoptosis would be secondary to regulatory events that affect OM. However, numerous observations point to the active contribution of IM to MMP. This has been particularly substantiated by pharmacological and genetic manipulations of the IM-associated matrix protein cyclophilin D (CypD), and of the IM transmembrane protein adenine nucleotide translocase (ANT) [33] [34] [35] . Indeed, pharmacological inhibitors of these proteins (cyclosporin A for CypD and bongkrekic acid for ANT) are able to prevent cell death, at least in some models of apoptosis (in vitro and in vivo) [5, 36] . Interestingly, the viral protein R (Vpr) from human immunodeficiency virus type I (HIV-1) exerts cytotoxic effects by promoting MMP via direct interaction with ANT (as assessed ex vivo, in purified mitochondria and artificial membranes containing ANT) [37] [38] [39] .
OM permeabilization
Classically, OM is considered freely permeable to solutes and small metabolites up to approximately 5 kDa, due to the presence of an abundant protein (the voltage-dependent anion channel, i.e. VDAC), which would permit the diffusion of such molecules through OM. This cut-off, however, is sufficient to ensure the retention of soluble proteins within the IMS, under normal circumstances. At least three distinct mechanisms which originate at the OM have been proposed to explain the increase in OM permeability associated with cell death. (1) Lethal stimuli may activate pro-apoptotic proteins of the Bcl-2 family, which may translocate from the cytosol to OM (e.g. Bax, Bid) or undergo conformational changes (e.g. Bak) to promote the formation of large homoor hetero-multimeric channels, through which IMS proteins are released [40] [41] [42] [43] . (2) Pro-apoptotic factors may act directly on the lipidic component of the OM, or at the lipidprotein interface, thus favoring the formation of pores though which IMS proteins may exit to the cytosol [29, [44] [45] [46] . (3) Activated pro-apoptotic members of the Bcl-2 family may interact with components of the permeability transition pore complex (PTPC), thus favoring (or de-inhibiting) the permeability transition (PT) of the IM, that in turn leads to the physical rupture of the OM [47] [48] [49] . In this latter case, IM would supply an active contribution to MMP, as we will briefly discuss in the next section.
IM permeabilization
In contrast to OM, IM is near-to-impermeable to ions, including protons, in healthy cells. IM impermeability is essential for maintaining the proton gradient that is required for oxidative phosphorylation [50, 51] . This means that all constituents of the mitochondrial matrix and metabolites have to cross IM in a tightly regulated fashion, via selective channels and transporters. When IM is permeabilized, the proton gradient and the associated mitochondrial transmembrane potential ( m ) dissipate immediately, resulting in the functional impairment of the organelle. IM permeabilization also promotes the osmotic swelling of the mitochondrial matrix, a phenomenon that may ultimately lead to the physical rupture of the OM, because the surface area of the IM (with its folded cristae) largely exceeds that of the OM [49, 52, 53] . IM permeabilization may occur accidentally, during primary necrosis or as a consequence of OM permeabilization during secondary necrosis, but may also proceed in the context of a regulated event, the so-called "permeability transition" (PT). Despite initial controversy, this term, PT, now is commonly used to identify the increase in IM permeability resulting from the activity of a multiprotein complex, the PTPC, that is assembled at the contact sites between OM and IM. Though the exact molecular composition of the PTPC has not been determined yet, an initial consensus has emerged about the main constituents of its scaffold structure. These include the abovementioned ANT, CypD and VDAC, but also hexokinase (a cytosolic protein that would interact with VDAC), creatine kinase (an IMS protein interacting with ANT and VDAC) and the peripheral-type benzodiazepine receptor (an OM integral protein). Additional factors that modulate the activity of the PTPC include pro-and anti-apoptotic proteins of the Bcl-2 family (for recent reviews see Refs. [49, 54] ).
The exact mechanism by which the PTPC promotes MMP is also controversial. At least two models have been proposed to account for PTPC-mediated MMP. According to some authors, in physiological conditions VDAC would exist within the PTPC prominently in a low conductance state, in rapid equilibrium between the open and closed conformations [55] . Such a "flickering" PTPC would allow for the normal exchange of metabolites between the cytosol and the mitochondrial matrix. Upon pro-apoptotic insults, the longlasting opening of PTPC, associated with an increased conductance of VDAC, would result in m dissipation, MMP and release of IMS proteins [56, 57] . An alternative model suggests that the high conductance state of VDAC would be associated with its physiological roles, whereas a closed conformation would lead to cell death, by favoring first a transient hyperpolarization, followed by osmotic imbalance, matrix swelling and finally OM rupture [58, 59] . However, results from electrophysiological experiments tend to undermine this interpretation (for a critical review see Ref. [60] ).
It should be kept in mind that the mechanisms summarized above are not mutually exclusive but may cooperate to induce apoptosis. The relative weight of each may differ according to the specific cell death setting. However, MMP results in the release of apoptogenic IMS proteins, functional collapse of the mitochondria and apoptosis, irrespective of the initiator mechanism. Accordingly, the study of early mitochondrial alterations involving one or both mitochondrial membranes is crucial for the understanding of the mitochondrial regulation of apoptosis. To this aim, several methods based on fluorescence microscopy, cytofluorometry and other techniques have been optimized for routine laboratory use. Here, we will critically discuss the currently available methods for the detection of MMP affecting either IM or OM.
Detection of OM permeabilization
The most common technique for the detection of OM permeabilization consists in determining the subcellular redistribution of proteins that usually are retained within IMS by the OM. This may be achieved by immunoblot detection of such proteins (e.g. Cyt c, AIF) in different subcellular fractions (e.g. cytosol, mitochondria, nuclei). Alternatively, two-color immunofluorescence staining can be employed to visualize IMS proteins inside and outside of mitochondria, by determining their colocalization with sessile mitochondrial markers (e.g. heat shock protein of 60 kDa, i.e. HSP-60). Nuclear counterstaining and/or the use of other antibodies (e.g. specific for active caspases) may provide additional information about the apoptotic cascade (Fig. 1) . Whereas AIF and Cyt c are considered the prototypic IMS proteins released upon MMP (due to microinjection experiments of recombinant molecules in intact cells, which demonstrated that either proteins suffice to induce the nuclear manifestations of apoptosis [61, 62] ), several other proteins are released from mitochondria upon OM permeabilization [63, 64] . These include but are not limited to adenylate kinase [65] , Smac/Diablo [63] , Omi/HtrA2 [11, 12] , EndoG [17] as well as several pro-caspases [66] .
Upon release from mitochondria, some of these proteins maintain a cytosolic localization (e.g. Smac/Diablo), whereas others translocate to the nucleus (e.g. AIF, EndoG) or interact with different subcellular compartments, like the endoplasmic reticulum (e.g. Cyt c). For the study of apoptosis-associated OM permeabilization, however, it should be kept in mind that IMS proteins are released following variable kinetics that depend not only on the protein, but also on the specific cell death model. For instance, it has been reported that AIF release may occur either before or after that of Cyt c [16] . Moreover, small amounts of Cyt c released through a partial OM permeabilization may participate in one or more feed-forward mechanisms that amplify MMP (for a review see Ref. [10] ). The heterogeneity in the kinetics of IMS protein release may yield false negative (and more rarely false positive) results. This can be avoided by monitoring the subcellular localization of several IMS proteins rather than of a single one. Nevertheless, immunoblotting and immunofluorescence for the detection of OM permeabilization are time-consuming and only allow for the analysis of a limited number of samples. To achieve higher throughputs, immunoblotting may be replaced by miniaturized (96-well plate format) immunoassays based on the principle of the ELISA (enzyme-linked immunosorbent assay). Such assays are commercially available for the detection of Cyt c and ensure a high degree of sensitivity [67, 68] . Recently, a cytofluorometric method for the immunodetection of Cyt c following the digitonin-mediated permeabilization of plasma membrane has been proposed [69] . In the first step of the assay, plasma membranes (but not mitochondrial membranes) are permeabilized by low concentrations of digitonin, thus causing the wash out of cytosolic (but not [69] . Despite the theoretical possibility to process a large number of samples, this technique relies on a sophisticated permeabilization protocol, which may require repeated optimization (for instance depending on the cell type and on the digitonin stock).
OM permeabilization may be monitored in living cells by means of the stable or transient transfection with cDNA constructs encoding IMS proteins fused to a green fluorescent protein (GFP) moiety. Upon translation, these proteins (e.g. Cyt c-GFP or AIF-GFP chimeras) are imported into and retained within the IMS exactly as their normal counterparts, due to a mitochondrial localization sequence. Upon lethal insults, videomicroscopy may be employed to follow in real-time the subcellular re-localization of GFPtagged proteins from mitochondria to extramitochondrial compartments [61, 70] .
In some instances, electron and immuno-electron microscopy have been used to detect ultrastructural changes in mitochondria of apoptotic cells. In this context, OM permeabilization has been visualized by means of ruptures in OM, through which IM herniation may occur [71, 72] . Obviously, gaps in OM induced by the osmotic swelling of the matrix are associated with an irreversible permeabilization, permanent mitochondrial dysfunction and release of IMS proteins. Accordingly, Cyt c immuno-electron staining is lost in mitochondria with ruptured OM, whereas VDAC and the F1 subunit of ATPase remain associated with mitochondrial membranes [72] . Despite the large amount of additional information provided by electron microscopy, ultrastructural approaches are characterized by the following drawbacks: (1) they are laborious, and allow the analysis of a very limited number of samples; (2) they are not quantitative, because (unless hundreds of images are taken) they focus on few mitochondria of few cells; (3) they may fail to detect (unless IMS proteins are stained for immuno-electron determinations) the situations in which OM permeabilization has occurred through transient discontinuities or through the formation of supramolecular openings (e.g. when pro-apoptotic Bcl-2 proteins are involved in the formation of multimeric channels). However, immuno-electron microscopy may be useful to visualize the precise sub-cellular localization of pro-apoptotic factors. For instance, immuno-electron microscopy has been employed in association with confocal immunofluorescence technology to localize large Bax/Bak pore-forming oligomers (which have been suggested to account for OM permeabilization without irreversible membrane rupture) within or in the close proximity of OM [42, 43] .
The integrity of the OM has also been determined by biochemical or biophysical assays, performed on subcellular fractions or isolated mitochondria. For instance, reversephase high-pressure liquid chromatography (HPLC) has been employed for the fast quantification (20 min for a single determination, as compared to time scales of hours for ELISA-based methods or days for immunoblots) of Cyt c in mitochondrial samples, including pellets and supernatants arising from mitochondrial assays [73] . Moreover, HPLC may be used to quantify the diffusion of metabolites generated by IMS enzymes (e.g. phosphocreatine synthesized by creatine kinase) through OM [58, 59] . In a similar fashion, enzymatic activities of the respiratory chain (e.g. NADH oxidase) may be exploited to measure the accessibility to the IMS of exogenously administered substrates (e.g. NADH) [60] . This latter technique may indirectly assess the opening state of the transporters that are responsible for the diffusion of specific substrates (e.g. VDAC, which allows for the diffusion of NADH) [60] .
Attempts have been undertaken to determine the intactness of the OM of isolated mitochondria by measuring Cyt c-dependent oxygen consumption [74] . According to this method, the exogenous supply of ascorbate-reduced Cyt c promotes respiration only if the OM is permeabilized, thus allowing Cyt c to reach Cyt c oxidase on the outer leaflet of the IM [74] . Similar approaches may be applied also to entire cells. In this case, the prior permeabilization of the plasma membrane is required for the intracellular uptake of exogenous Cyt c [75] . Table 1 summarizes the methods currently available for the detection of OM permeabilization.
Detection of IM permeabilization
Under normal circumstances, the m ranges from 120 to 180 mV (the intramitochondrial side being electronegative), according to the cell type. Thus, IM-permeant lipophilic cations accumulate in the mitochondrial matrix, driven by the m following the Nernst equation, according to which every 61.5-mV increase in membrane potential corresponds to a 10-fold increase in the intramitochondrial concentration of monovalent cations. As a result, such cations are normally 2 to 3 logs more concentrated in the mitochondrial matrix than in the cytosol, and cationic lipophilic fluorochromes may be used to measure the m [76, 77] . These fluorochromes include, but are not limited to rhodamine 123 (Rh 123), tetramethylrhodamine Low throughput Need for construction and optimization of the expression plasmids [61, 70] ethyl and methyl esters (TMRE and TMRM, respectively), chloromethyl-X-rosamine (CMXRos, also known as MitoTracker Red), 5,5 ,6,6 -tetrachloro-1,1 ,3,3 -tetraethylbenzimidazolcarbocyanine iodide (JC-1) and 3,3 dihexyloxacarbocyanine iodide (DiOC 6 (3)). Their spectral properties are summarized in Table 2 .
Rh 123 is a cationic, cell-permeant fluorochrome characterized by rapid cellular uptake and equilibration (within a few minutes), that has been extensively used to stain mitochondria [78] . However, the application of Rh 123 to the measurement of m is limited by the quenching of the dye at high concentrations [77, 79] . As compared to Rh 123, which we do not recommend for cytofluorometric analysis due to its aberrant behavior and to its toxicity in some experimental conditions [77, 80, 81] , its derivatives (i.e. TMRE and TMRM) offer the significant advantage that they can be used at relatively low concentrations that do no induce relevant quenching effects [77] . High intramitochondrial concentrations, however, result in partial quenching of the fluorescent signal [82] . The accumulation of TMRE and TMRM within cells is even faster than that of Rh 123. Moreover, TMRM has been used (together with the Ca 2+ indicator Fluo-5N) to develop a high-throughput assay for the detection of PT [83] .
As compared to other mitochondrial probes, CMXRos provides the important advantage that it allows for formaldehyde fixation of cells before analysis. Thus, CMXRos may be employed to measure the m in multi-color staining procedures, for instance in combination with antibodies against extra-and intracellular antigens or the TUNEL technique for the detection of apoptotic DNA fragmentation [84] .
At low concentrations (aqueous solutions below 0.1 µM), JC-1 exists as a green-fluorescent monomer. At higher concentrations, as those which are attained in the mitochondria of healthy cells, JC-1 forms red-emitting "J-aggregates." Accordingly, the ratio of red-to-green JC-1 fluorescence can be used as a sensitive measure of the m , that is relatively independent of putative interfering factors, including mitochondrial mass, shape or density [85] [86] [87] . DiOC 6 (3) has become the most commonly used carbocyanine fluorochrome for the cytofluorometric measurement of m [88] , due to its rapid mitochondrial equilibration and negligible quenching effects, at least at low concentrations (recommended dose 10-20 nM) [77, 89, 90] . However, higher concentrations of DiOC 6 (3) result in relevant quenching and in the staining of non-mitochondrial compartments, such as the endoplasmic reticulum. The intensity of DiOC 6 (3) fluorescence exhibit a partial dependence on the size of cells and on the plasma membrane potential. This does not represent a major concern when cell size is homogenous within the population and plasma membrane potential is not significantly modified by the experimental procedures. Otherwise, measurements of forward light scatter and other procedures can be used to normalize the results for cell size variability and magnitude of plasma membrane potential [88] . Several indo-, thia-and oxa-carbocyanines are currently available for the measurement of m , with specific features whose extensive description goes largely beyond the scope of the present review.
In selected cases, the measurement of m may not be a reliable indicator of IM permeabilization. For instance, reduced m may result from inhibited respiration, or from transient openings of the PTPC, not necessarily followed by IM permeabilization. The calcein quenching method (Fig. 2 [55, 92] . The calcein/Co 2+ technique has been adapted to confocal fluorescence microscopy [55] as well as to cytofluorometry [93] .
Following IM permeabilization, solutes and water flood into the mitochondrial matrix, driven by the colloid osmotic pressure of the matrix that is tightly packed with enzymatic complexes. The resulting increase in mitochondrial matrix volume (known as "large-amplitude swelling") is accompanied by the distension and disorganization of the cristae as well as by a reduction of the electron density of the matrix [94] . These alterations can be used to assess PT, either in situ (for instance by electron microscopy) or in isolated mitochondria. Classically, light-scattering assays of rodent liver mitochondria in sucrose media have been employed [95] . In this case, large-amplitude swelling is monitored by measuring the absorbance of a mitochondrial suspension at 545 nm, for instance in a conventional spectrophotometer [96] . This
Fig. 2 Calcein/Co
2+ technique for the detection of IM permeabilization. HeLa cells were treated for 24 h with the endoplasmic reticulum toxin thapsigargin (5 µM), the calcium ionophore A23187 (5 µM), or left untreated (control). Thereafter they were stained with 1 µM calcein acetoxymethyl ester in the presence or not of its quencher, cobalt (Co 2+ ). When Co 2+ is added to healthy cells stained with calcein, the cytosolic fluorescence is quenched and mitochondria appear as bright spots. Upon the administration of IM-permeabilizing agents, Co 2+ ions gain access to the mitochondrial matrix where they further quench the calcein signal (a). Quantitative assessments of the calcein fluorescence may be performed by means of monoparametric FACS analysis (b). White bars correspond to 10 µm technology has been adapted to 96-well plates for improved throughput [83] .
Recently, a multiparametric flow cytometry approach has been proposed to measure the modifications of mitochondrial size, structure and m associated with the onset of MMP [96] . Here, the authors correlated the structural rearrangements that characterize large-amplitude swelling with an increase in the forward scatter parameter (FSC) paralleled by a decrease in the side scatter parameter (SSC) of isolated mitochondria. Reportedly, the ratio FSC/SSC represents a sensitive marker for PT, being able to detect morphological modifications on a per-organelle basis. Additional advantages of this method include the need for small amounts of mitochondrial suspensions (which may be important for the evaluation of rare samples from patients with mitochondrial disorders) and the possibility to analyze the heterogeneity of mitochondrial populations (which is not the case of classical spectrophotometric and fluorometric techniques) [96] .
Proton nuclear magnetic resonance ( 1 H-NMR) approaches have also been employed to characterize MMP [97] . Interestingly, the structured water (i.e. bound to macromolecules) inside mitochondria exhibits specific NMR properties following the opening of the PTP, as compared to other apoptotic settings (e.g. purified mitochondria incubated with recombinant Bax, or mitochondria isolated from rat liver undergoing apoptosis in vivo). Thus, the characterization of NMR parameters allows for the differentiation between OM and IM permeabilization, as well as for the identification of more complex scenarios (as those occurring in vivo) [97] .
Concluding remarks
MMP represents a crucial check-point in the cascade of events leading to cell death, with far-reaching consequences for the pathophysiology of cell death, as well as for its pharmacological manipulation [7] [8] [9] . Thus, the meticulous investigation of the mechanisms of MMP is essential not only for a deeper comprehension of molecular biology phenomena, but also (and more importantly) to guide future therapeutical interventions. The conjunction of distinct techniques that measure MMP in its dual facets (i.e. OM vs. IM permeabilization), has allowed researchers to gain profound insights into the mechanisms underlying cell death. Nevertheless, future technical developments are needed to clarify the numerous questions about MMP that remain unanswered and to furnish reliable high-throughput assays for compound screening and diagnostic purposes.
